INTRODUCTION {#rrx005s1}
============

Particle radiotherapy such as proton and carbon-ion (C-ion) radiotherapies has become widespread in recent years. In particular, C-ion radiotherapy (CIRT) possesses excellent dose distribution and strong cell-killing effect, and is considered to be one of the most outstanding breakthroughs in the field of cancer therapy \[[@rrx005C1]\]. Since 1994, more than 8000 patients with a variety of malignant tumors have been treated with CIRT at the National Institute of Radiological Sciences (NIRS) in Chiba, Japan, which have resulted in favorable local controls in most cases \[[@rrx005C2]\]. However, distant metastasis after local therapy still remains a major concern for long-term survival. In recent years, immunotherapy has been heralded as one of the most important advances in the field of cancer treatment. Particularly, immunotherapies targeting immune checkpoint receptors, such as cytotoxic T-lymphocyte--associated antigen 4 (CTLA-4), programmed cell-death 1 (PD-1), and programmed cell-death ligand 1 (PD-L1) have demonstrated good clinical results in a wide variety of tumors \[[@rrx005C3]--[@rrx005C5]\]. In anti-tumor immunity, dendritic cells (DCs), which are the most potent professional antigen-presenting cells, play central roles in initiating the immune response after receiving signals from pathogens \[[@rrx005C6], [@rrx005C7]\]. In addition, there has been accumulating evidence supporting the concept that radiotherapy (RT) to the local tumor induces the host\'s immune responses \[[@rrx005C8]--[@rrx005C10]\]. To date, however, there have only been a few studies that have investigated the effectiveness of combination therapy with CIRT plus immunotherapy.

We have previously demonstrated that a combination of CIRT and DC-based immunotherapy significantly suppressed pulmonary metastases in a mouse model \[[@rrx005C11]\]. In that study, local administration of DCs to tumor allografts after CIRT significantly decreased the number of lung metastases. These results indicate that DC-based immunotherapy could become an effective anti-metastatic strategy for patients treated with CIRT. However, an optimal way of DC-administration has not been evaluated in previous studies. In addition, despite the significant anti-metastatic effect of the combined treatment, the underlying mechanisms of how irradiated tumor cells and the administered DCs effect anti-metastasis remain largely unknown. Moreover, it is important that certain treatments induce immunogenic cell death (ICD) and consequent DC maturation to elicit effective anti-tumor immunity. ICD, a type of cell death, which involves the expression of the mediator of the cell surface (such as calreticulin: CALR) as well as the release of soluble mediators (such as high-mobility group box 1: HMGB1). These mediators induce DC maturation to stimulate the presentation of tumor antigens to T cells \[[@rrx005C12]--[@rrx005C14]\]. DCs evolve from immature cells, which capture antigens, to mature cells, which perform antigen-presenting and T cell priming. Matured DCs convert antigens to immunogenic antigens and express molecules such as cytokines, chemokines, costimulatory molecules (such as CD40, CD80 and CD86) and proteases to initiate an immune response \[[@rrx005C15]\].

In the present study, we evaluated an optimal method of DC administration, irradiation, and the underlying mechanism of how the administered DCs exerted the anti-metastatic effect, focusing on ICD and DC maturation by local tumor irradiation in combination therapy with DCs.

MATERIALS AND METHODS {#rrx005s2}
=====================

Mice and tumors {#rrx005s2a}
---------------

C3H/He female mice (7--8 weeks old) were purchased from Japan Shizuoka Laboratory Animal Center (Shizuoka, Japan). Mice were bred and maintained under specific-pathogen-free conditions. A murine squamous cell carcinoma cell line arose from buccal mucosa, NR-S1 (kindly provided by Dr Koichi Ando, National Institute of Radiological Science, Chiba, Japan) were maintained in DMEM medium (Nissui Pharmaceutical Co., Tokyo, Japan) with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA) at 37°C in a humidified atmosphere of 5% CO~2~ \[[@rrx005C16], [@rrx005C17]\]. The animal experiments were carried out with the permission and under regulation of the NIRS Institutional Animal Care and Use Committee (Permit numbers 08--2008 and 11--2021).

Preparation of bone marrow--derived immature DCs {#rrx005s2b}
------------------------------------------------

The preparation of DCs has been described previously \[[@rrx005C18]\]. Briefly, cells obtained from flushed marrow cavities of femurs and tibias of C3H/He mice were cultured in DC complete media supplemented with 20 ng/ml recombinant murine granulocyte--macrophage colony-stimulating factor (GM-CSF) (Wako Pure Chemical Industries, Osaka, Japan) for 8 days. The immune response of the collected DCs was confirmed by lipopolysaccharide (LPS) treatment \[[@rrx005C19]\]. The DCs were washed twice with phosphate buffered saline (PBS), and a suspension of 1 × 10^6^ cells in 0.02 ml PBS, and a similar suspension in 0.2 ml PBS, were immediately used for intratumoral (IT) and intravenous (IV) injection to mice, respectively.

Irradiation characteristics {#rrx005s2c}
---------------------------

CIRT was carried out using the Heavy Ion Medical Accelerator in Chiba (HIMAC) facility at the NIRS \[[@rrx005C20]\]. Tumor allografts and cultured cells were irradiated with 290 MeV/nucleon, 70\~80 keV/µm C-ion beams at the center of the spread-out Bragg peak (6 cm SOBP). In photon beam radiation therapy (PBRT), ^137^Cs γ rays at a dose rate of 1.3 Gy/min at 21 cm from source to surface and X-rays (200 kV, 20 mA, 80 cm from X-ray focus to incident surface; 0.47--0.50 Gy/min) using the PANTAK HF-320S X-Ray Unit (Shimadzu, Kyoto, Japan) were utilized for tumor allografts and cultured cells, respectively.

Clonogenic assay {#rrx005s2d}
----------------

NR-S1 cells were seeded on dishes for colony formation assay. One day after seeding, cells were irradiated by C-ions or X-rays. Two weeks after irradiation, cells were fixed with 100% ethanol and stained with 2% crystal violet. Colonies consisting of more than 50 cells were counted. Surviving fractions against physical doses were plotted and fitted to survival curves using the following linear--quadratic model: SF = exp(−αD − βD^2^), where SF is the surviving fraction and D is the physical dose. The relative biological effectiveness (RBE) of C-ion beams compared with that of X-rays was calculated at the D~0~ (dose of radiation reducing the surviving fraction to 37%).

Inoculation of tumor cells and irradiation for assessment of pulmonary metastasis {#rrx005s2e}
---------------------------------------------------------------------------------

The mouse irradiation model for assessment of pulmonary metastases is shown in Fig. [1](#rrx005F1){ref-type="fig"}A. On Day 0, mice were inoculated with 1 × 10^6^ cancer cells subcutaneously into the right thigh. After one week, by which the tumor was \~7 mm in diameter, they were irradiated with 2 Gy for CIRT or 4 Gy for PBRT. The irradiation system and the biophysical characteristics of the beam have been described elsewhere \[[@rrx005C20]\]. At 1.5 days after irradiation, DCs were injected (1 × 10^6^ cells/mouse) IT or IV. The control mice received anesthesia only (i.e. no irradiation).

![Experimental schema. (A) Mouse model for assessment of pulmonary metastasis treated with DC administration combined with irradiation to local tumor. Inoculated tumors were irradiated with C-ions or γ-rays on Day 7, and DCs were injected intratumorally or intravenously at 1.5 days after irradiation. Two weeks after irradiation, the mice were subjected to pneumonectomy (*n* = 7 per group). (B) Mouse model for assessment of pulmonary metastasis treated with *ex vivo* pulsed DCs. DCs were co-incubated with C-ion--irradiated (6 Gy) or non-irradiated NR-S1 cells for 3 days. The co-cultured DCs were injected intravenously into the NR-S1--transplanted mice at 8.5 days after tumor inoculation. The number of lung metastases was measured at 21 days after tumor inoculation (*n* = 7 per group).](rrx005f01){#rrx005F1}

Lung metastasis assay {#rrx005s2f}
---------------------

At 2 weeks after irradiation, the bilateral lungs were initially placed in Bouin solution overnight. The metastatic nodules on the surfaces of all the pulmonary lobes were macroscopically counted (*n* = 7 per group). The average incidence of lung metastases was expressed as relative values, compared with that of the control group.

Tumor growth delay assay {#rrx005s2g}
------------------------

After CIRT or PBRT, the tumor size was measured with calipers at the time of irradiation and also at the endpoint (*n* = 7 per group). Tumor volume was calculated according to the following formula: (a × b × c × π)/6, where a, b and c represent the three orthogonal diameters of the tumor, as previously described \[[@rrx005C21]\].

Detection of HMGB1 released from tumor cells relating to immunogenic cell death {#rrx005s2h}
-------------------------------------------------------------------------------

NR-S1 cells were cultured in a 6-cm dish with fresh medium. Three days after irradiation, cultured media were collected for assay. HMGB1 in the culture medium was detected using a two-step sandwich ELISA kit (HMGB1 ELISA Kit II, SHINO-TEST, Kanagawa, Japan), according to the manufacturer\'s instructions (*n* = 3 per group) \[[@rrx005C22]\]. Fresh medium was used as internal standards.

Detection of ecto-CALR expressed on tumor cells relating to immunogenic cell death {#rrx005s2i}
----------------------------------------------------------------------------------

Irradiated NR-S1 cells were washed with stain buffer (1 × PBS, 2% FBS and 0.09% sodium azide) and then incubated with anti-mouse CALR antibody (1:150, Abcam, Cambridge, UK) in stain buffer at 4°C for 30 min. After washing with stain buffer, the cells were incubated with anti-mouse IgG DyLight488 conjugates (1:200, Jackson ImmunoReseaerch, West Grove, PA, USA) in stain buffer at 4°C for 30 min. After washing three times with the stain buffer, ecto-CALR on the cell surface on propidium iodide (PI)-negative cells was detected by Gallios flow cytometer (Beckman Coulter, Miami, FL, USA) (*n* = 3 per group).

Maturation of DCs co-cultured with irradiated tumor cells *in vitro* {#rrx005s2j}
--------------------------------------------------------------------

Bone marrow--derived DCs (1 × 10^6^ cells) were co-cultured for 3days with irradiated or non-irradiated NR-S1 cells (5 × 10^5^ cells) in DC complete media supplemented with 20 ng/ml recombinant murine GM-CSF. Collected DCs were analyzed for phenotypic maturation by flow cytometry and real-time qPCR (RT-qPCR). Co-cultured DCs were stained using a combination of PE-conjugated anti-CD11c antibody for detection of DCs and FITC-conjugated antibodies, anti-CD40, anti-CD80 or anti-CD86 (BioLegend, San Diego, CA, USA), following the manufacturer\'s instructions. Analyses of fluorescence staining were performed with a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) and CELLQuest Software (BD Biosciences). For RT-qPCR, total RNA was purified using NucleoSpin RNA II (Takara Bio, Shiga, Japan) according to the manufacturer\'s instructions. Isolated total RNA was reverse-transcribed using the PrimeScript RT-PCR Kit with random primers N6 (Takara Bio). Real-time PCR was performed with probes of *IL12 p35*, *IL12 p40*, *CD40* and *CD80* genes belonging to LightCycler 480 probes Master (Roche Diagnostics, Mannheim, Germany) as previously described \[[@rrx005C23]\]. Primer and probe sets used in this study are shown in Table [1](#rrx005TB1){ref-type="table"}. As a negative control, DCs were incubated without tumor cells. 18S ribosomal RNA (18S rRNA) was used as an internal control. Three independent experiments were performed with flow cytometry and RT-qPCR. Table 1.PCR primer and probeGeneDirection^[a](#rrx005tfn1){ref-type="fn"}^Primer sequence (5′ to \>3′)Product size (bp)Probe^[b](#rrx005tfn2){ref-type="fn"}^*Il12 p35*Fccaggtgtcttagccagtcc94\#62Rgcagtgcaggaataatgtttca*Il12 p40*Fgaactggcgttggaagca98\#84Raagttcttgggcgggtct*CD40*Fccatgtgactcaggcgaat94\#26Rtaacccgaagcccttgatt*CD80*Ftcgtctttcacaagtgtcttcag127\#91Rttgccagtagattcggtcttc*18S RNA*Fgcaattattccccatgaacg68\#48Rgggacttaatcaacgcaagc[^2][^3]

The anti-metastatic effect of DCs co-cultured with C-ion--irradiated NR-S1 cells {#rrx005s2k}
--------------------------------------------------------------------------------

The anti-metastatic effect of the co-cultured DCs irradiated with C-ions was investigated by using the mouse model for lung metastases as shown in Fig. [1](#rrx005F1){ref-type="fig"}B. DCs were co-cultured with 6 Gy C-ion--irradiated NR-S1 cells *in vitro* for 3 days. The DCs were collected from co-cultured supernatants. Co-cultured DCs were then intravenously administered to C3H/He mice bearing NR-S1 allografts. The number of lung metastatic nodules was counted macroscopically at 21 days after tumor inoculation (*n* = 7 per group).

Statistical analysis {#rrx005s2l}
--------------------

Statistical significance was tested by means of the Student\'s *t* test or the Steel--Dwass test where appropriate. Statistical analyses were performed with SPSS statistics 19.0 (SPSS Inc, Chicago, IL) and statistical package R (ver. 3.2.0; available as a free download from <http://www.R-project.org>). We considered *P* \< 0.05 to be statistically significant.

RESULTS {#rrx005s3}
=======

Equivalent biological dose between photon and C-ion irradiations of NR-S1 cells by clonogenic assays {#rrx005s3a}
----------------------------------------------------------------------------------------------------

In order to determine the equivalent dose of PBRT to CIRT for clonogenicity of NR-S1 cells, cell survival curves of NR-S1 cells by PBRT and CIRT were calculated as shown in Fig. [2](#rrx005F2){ref-type="fig"}. Average D~0~ values were 1.89 Gy and 3.83 Gy for X-rays and C-ions, respectively. The RBE of NR-S1 cells was almost 2. Therefore, 4 Gy of PBRT and 2 Gy of CIRT were used as equivalent doses for comparison of their biological effectiveness.

![Clonogenic survival curves after X-ray or C-ion irradiation for NR-S1 cells. Surviving fractions against physical doses were plotted and fitted to survival curves using the following linear--quadratic model: SF = exp(−αD − βD^2^), where SF is the surviving fraction and D is the physical dose.](rrx005f02){#rrx005F2}

Anti-metastasis effect of intravenous DC administration combined with local tumor irradiation by C-ions *in vivo* {#rrx005s3b}
-----------------------------------------------------------------------------------------------------------------

Two administration methods, IT and IV, of DCs were evaluated for their suppression effect of lung metastasis after two types of irradiation, CIRT and PBRT (Figs [3](#rrx005F3){ref-type="fig"} and [4](#rrx005F4){ref-type="fig"}). First, in CIRT there were no significant differences in the tumor growth of allografts between each of the treatment modalities (Fig. [3](#rrx005F3){ref-type="fig"}A). The macroscopic features of lungs with metastases after various conditions of experiments are shown in Fig. [3](#rrx005F3){ref-type="fig"}B, and the metastatic nodules varied both in size and in numbers. The number of lung metastases tended to decrease in the mice treated with either IT or IV DC injections or with CIRT alone. Meanwhile, lung metastases were significantly suppressed when CIRT was combined with IV DC injection (indicated by star in Fig. [3](#rrx005F3){ref-type="fig"}C) compared with CIRT alone and CIRT combined with IT-DC injection (Fig. [3](#rrx005F3){ref-type="fig"}C, *P* \< 0.05 for the C-2Gy group, and for the C-2Gy + DC IT group). Second, in PBRT there were no significant differences in the tumor volume of allografts at pneumonectomy (which corresponded to the tumor volumes at 14 days after CIRT in Fig. [3](#rrx005F3){ref-type="fig"}A) between each of the treatment modalities, as in CIRT (Fig. [4](#rrx005F4){ref-type="fig"}A). However, IT DCs and IV DCs combined with 4 Gy of local PBRT did not significantly decrease the number of lung metastases compared with PBRT alone, whereas the number tended to decrease in the mice treated with IV DC injection or PBRT alone (Fig. [4](#rrx005F4){ref-type="fig"}B). On the other hand, significant suppression of lung metastases was observed by the combination of IV DC administration with a high dose (15 Gy) of PBRT compared with PBRT alone (*P* \< 0.05), as shown in Fig. [4](#rrx005F4){ref-type="fig"}C. However, significant tumor volume reductions were also observed in high-dose-PBRT--treated mice compared with in the control group (Fig. [4](#rrx005F4){ref-type="fig"}D, *P* \< 0.01).

![Anti-metastatic effect of DCs combined with C-ion irradiation. (A) Comparison of tumor growth after local tumor irradiation with 2 Gy of C-ions. (B) Macroscopic images of lung metastases. Representative lung images of each treatment group are shown. (C) Comparison of lung metastasis after CIRT. Suppression rates are indicated inside each bar. The data are presented as mean ± SD and shown as relative values, with the control group being 100%. One asterisk indicates *P* \< 0.05 by the Steel--Dwass test. C = C-ion irradiation, IT = intratumoral administration, IV = intravenous administration.](rrx005f03){#rrx005F3}

![Anti-metastatic effect of DCs combined with γ-ray irradiation. (A) Comparison of tumor volume at pneumonectomy after PBRT. The data are presented as mean ± SD. (B) Comparison of lung metastasis after local tumor irradiation with 4 Gy of γ-rays. Suppression rates are indicated inside each bar. The data are presented as mean ± SD and shown as relative values, with the control group being 100%. (C) Repression of lung metastasis by combination with high dose (15 Gy) γ-ray irradiation and DCs. Suppression rates are indicated inside each bar. The data are presented as mean ± SD and shown as relative values, with the control group being 100%. Two asterisks indicate *P* \< 0.01; one asterisk indicates *P* \< 0.05 by the Steel--Dwass test. (D) Comparison of tumor volume after a high dose of PBRT. The data are presented as mean ± SD. Two asterisks indicate *P* \< 0.01 by the Steel--Dwass test. The error bars in figures indicate standard deviations. γ = γ-ray irradiation, IT = intratumoral administration, IV = intravenous administration.](rrx005f04){#rrx005F4}

Phenotype of DCs co-cultured with NR-S1 cancer cells irradiated with C-ions or photons {#rrx005s3c}
--------------------------------------------------------------------------------------

To clarify the mechanisms underlying combination therapy, phenotypes of DCs co-cultured with irradiated NR-S1 cancer cells were investigated. Expression levels of CD40, CD80 and CD86 on CD11c^+^ DCs after co-culture with NR-S1 cancer cells irradiated with C-ions or X-rays were evaluated to assess the maturation status of the DCs. Expression of CD40, CD80 and CD86 on DCs was significantly increased by co-culturing with NR-S1 alone (Fig. [5](#rrx005F5){ref-type="fig"}A--D). There were significant dose-dependent increments in the expression levels of CD40 in DCs co-cultured with C-ion--irradiated NR-S1 cells (Fig. [5](#rrx005F5){ref-type="fig"}A, *P* \< 0.05, 0 Gy vs. 6 Gy). Co-culturing with X-ray--irradiated NR-S1 cells also induced CD40 expression on DCs with some trends of dose dependency (Fig. [5](#rrx005F5){ref-type="fig"}B). In contrast, there was no significant enhancement of CD80 or CD86 expression on DCs by co-culture with NR-S1 cells irradiated with both C-ions and X-rays compared with on DCs co-cultured with non-irradiated cells (Fig. [5](#rrx005F5){ref-type="fig"}C and D). To increase the reliability of the CD40 enhancement, mRNA expression levels of IL-12, CD40 and CD80 on DCs after co-culturing with NR-S1 cells irradiated with or without C-ions (6 Gy) were assessed by RT-qPCR (Fig. [6](#rrx005F6){ref-type="fig"}A). As observed in the flow cytometry assay, there was a significant increase in the expression levels of IL-12 or CD40, but no significant increase in CD80 (all *P* \< 0.001 for IL-12p35, IL-12p40 and CD40).

![Comparison between C-ion and photon beam in maturation of co-cultured DCs. (A, B) Dose-dependent maturation ability of C-ion--irradiated cells (A) or photon--irradiated cells (B). The percentage of CD11c+ DCs expressing CD40 is shown. The data are presented as mean ± SD. One asterisk indicates *P* \< 0.05 by the Student\'s *t* test, compared with all the other groups. Two asterisks indicate *P* \< 0.05 by the Student\'s *t* test, compared with 0 Gy. (C, D) Dose-dependent expression of co-stimulatory molecules on DCs co-cultured with C-ion--irradiated cells (C) or photon-irradiated cells (D). The percentage of CD11c^+^ DCs expressing CD80 and CD86 are shown. One asterisk indicates *P* \< 0.05 by the Student\'s *t* test, compared with all the other groups. The data are presented as mean ± SD.](rrx005f05){#rrx005F5}

![Gene expressions of DCs co-cultured with C-ion--irradiated cells and their anti-metastatic effect. (A) Gene expressions were analyzed by RT-qPCR. The data were normalized by 18S rRNA levels and presented as a logarithmic plot of relative expression levels, with the 18S rRNA expression being 1. The data are presented as mean ± SD. ND = non-detected; the signal is below the sensitivity limit of the assay. Three asterisks indicate *P* \< 0.001 by the Student\'s *t* test. (B) Repression of lung metastasis by co-cultured DCs. The data are presented as mean ± SD and shown as relative values, with the control group being 100%. Two asterisks indicates *P* \< 0.01 by the Student\'s *t* test.](rrx005f06){#rrx005F6}

Anti-metastatic effect of injection of DCs co-cultured with irradiated cancer cells {#rrx005s3d}
-----------------------------------------------------------------------------------

To assess whether the *in vitro* co-culturing assay reflected an *in vivo* immune response of the combination therapy, we investigated the anti-metastatic effect of IV injection of DCs co-cultured with 6 Gy C-ion--irradiated NR-S1 cells into non-irradiated NR-S1--bearing mice (Fig. [1](#rrx005F1){ref-type="fig"}B). The number of pulmonary metastatic nodules after administration of DCs co-cultured with C-ion--irradiated NR-S1 cells was significantly decreased compared with the control group (*P* \< 0.01, Fig. [6](#rrx005F6){ref-type="fig"}B).

Immunogenicity of NR-S1 cancer cells irradiated with C-ions or photons {#rrx005s3e}
----------------------------------------------------------------------

To compare the efficiency of inducing immunogenic cell death between CIRT and PBRT, the levels of HMGB1 released from irradiated tumor cells and the CALR level on the irradiated tumor cell surface after irradiation were analyzed. There was no significant difference in HMGB1 levels in irradiated tumors between C-ions and X-rays (Fig. [7](#rrx005F7){ref-type="fig"}A). On the other hand, at a lower dose of from 1 Gy (RBE) to 10 Gy (RBE), CALR levels in a C-ion--irradiated tumor significantly increased compared with those in X-ray--irradiated tumors (*P* \< 0.05) (Fig. [7](#rrx005F7){ref-type="fig"}B). At \>10 Gy (RBE), no significant increment in CALR levels was observed between C-ions and X-rays.

![Comparison between C-ion and photon beam in terms of response of tumor cell. HMGB1 release levels (A) and ecto-CALR levels (B) after photon or C-ion beam irradiation for NR-S1 cells. The ecto-CALR level is plotted against Gy (RBE), which is the biologically equivalent dose of X-rays according to clonogenic cell death. C-ion dose (Gy) (RBE) is equal to physical dose (Gy) × 2 :(RBE = 2). The values were expressed as relative values, with 0 Gy being 1. One asterisk indicates *P* \< 0.05 by the Student\'s *t* test.](rrx005f07){#rrx005F7}

DISCUSSION {#rrx005s4}
==========

Recently, it has been highlighted that RT has significant potential for activating a host\'s anti-tumor immunity in certain conditions \[[@rrx005C8]--[@rrx005C10]\]. Thus, it is strongly expected that the combination of immunotherapy and RT is able to improve outcomes compared with RT alone \[[@rrx005C24], [@rrx005C25]\].

The present study demonstrated that the number of lung metastases notably decreased in mice treated with DCs and CIRT (Fig. [3](#rrx005F3){ref-type="fig"}B and C) and also in mice treated with DCs and PBRT at a high dose (Fig. [4](#rrx005F4){ref-type="fig"}C). These results and our previous reports clearly indicated that DC-based immunotherapy combined with RT might be an effective method of suppressing metastasis \[[@rrx005C11], [@rrx005C26]\]. However, there is no consensus on the optimal method for DC administration for augmenting anti-tumor immunity. In our previous report, DCs injected into the irradiated tumor augment anti-tumor effect significantly \[[@rrx005C11]\], we expected the increase in a chance to expose DCs with tumor antigens by IT DC injection might be important. On the other hand, in the present study, IV DCs showed equivalent or better anti-metastatic effect compared with IT DCs in both CIRT (Fig. [3](#rrx005F3){ref-type="fig"}B and C) and in PBRT (Fig. [4](#rrx005F4){ref-type="fig"}C). Therefore, IV DCs could be an optimal method for DC administration in combination with RT for the augmentation of anti-metastatic effect to the lung.

Our result introduced a new question concerning why IV DCs were able to induce a similar anti-metastatic effect like that of IT DCs in combination with RT. Several reports have shown that more DCs are accumulated in the lung after IV DC administration than after IT DC administration \[[@rrx005C27]--[@rrx005C29]\]. In our study by using fluorescent dye--labeled DCs, more lung-accumulated DCs were detected at 18 h after IV DC administration compared with after IT DC administration (data not shown). Furthermore, some reports indicated that IV DCs was able to induce rejection against tumor re-inoculation \[[@rrx005C30], [@rrx005C31]\]. Thus, DC accumulation in the lung seems to be associated with the suppression of lung metastases.

The *in vitro* co-culturing experiments with the DCs and the irradiated tumors were conducted to assess the maturation of the DCs according to the immunologic modulation of molecular expression of CD40, CD80 and CD86. The CD40, CD80 and CD86, costimulatory molecules on DCs, play important roles in interaction between DCs and T-helper cells and induce cytotoxic T-lymphocyte (CTL) priming \[[@rrx005C32]\]. In particular, CD40 is used as a key marker for distinguishing mature DCs from immature DCs \[[@rrx005C33]\]. The present study indicated that the maturation of DCs identified by CD40 expression was induced by co-culture with both X-ray-- and C-ion--irradiated cancer cells. In addition, when DCs were co-cultured with C-ion--irradiated NR-S1 cells, the expression level of CD40 was significantly increased in a dose-dependent manner (Fig. [5](#rrx005F5){ref-type="fig"}A). Moreover, expression levels of CD40 and IL-12 mRNA were significantly increased after co-culturing with the C-ion--irradiated NR-S1 cells (Fig. [6](#rrx005F6){ref-type="fig"}A). Interaction between CD40 and its ligand causes maturation of the DCs and licenses the DCs to induce effective activation of CTLs \[[@rrx005C34], [@rrx005C35]\]. In addition, IL-12 has been considered to promote cell-mediated immune activity via the interaction of CD40 and its ligand \[[@rrx005C36]\]. A previous study has demonstrated that tumor cell death induced by RT matured DCs, leading to the enhancement of T-cell--mediated immunity \[[@rrx005C37]\]. Additionally, the present study demonstrated that IV administration of DCs co-cultured with C-ion--irradiated NR-S1 cells significantly decreased the number of pulmonary metastatic nodules (Fig. [6](#rrx005F6){ref-type="fig"}B). This result indicated that the DCs matured by co-culture with C-ion--irradiated cancer cells have enough capacity to suppress lung metastasis, and it also suggested that our *in vitro* experiments might mimic the immune responses induced in mouse treated by the combination treatment. The DCs seems to play important roles in the prevention of metastasis after CIRT through their maturation via the interaction of CD40 and its ligand stimulated by irradiated cancer cells. Hence, CIRT to a local tumor *in vivo* probably elicits licensed DCs effectively, which seems to play an important anti-metastatic role in this combination therapy. On the other hand, the difference in the CD40 induction on co-cultured DCs between CIRT and PBRT was weaker than suppression of lung metastasis by the combination treatments at the relatively lower dose. This might indicate that DC maturation by irradiated tumor cells is a key process for the combination treatment, but that other factors are possibly involved in the mechanisms for the difference observed in the mouse experiments between CIRT and PBRT.

CD80 and CD86 expression on DCs was significantly increased by co-culturing with NR-S1 alone. Additionally, neither C-ion-- nor X-ray--irradiated NR-S1 cells did not increase CD80 or CD86 expression on DCs (Fig. [5](#rrx005F5){ref-type="fig"}C and D). Several studies showed that CD28 and CD152, receptors on T-cells that bind to both CD80 and CD86, have two opposing functions in T-cell activation, where CD28 acts as a co-stimulator and CD152 acts as an inhibitor \[[@rrx005C38]\]. Hence, CD80 and CD86 were not specific markers for explaining the effectiveness of co-cultured DC maturation induced by irradiated tumor cells.

We also investigated whether there is a difference in the immune response of tumor cells between CIRT and PBRT. It is well known that PBRT induces ICD, and X-rays have frequently been used for DC experiments as inducer of the DCs \[[@rrx005C39]\]. In the current study, combination IV DCs with CIRT, even at dose as low as 2 Gy, showed significant anti-metastatic effect (Fig. [3](#rrx005F3){ref-type="fig"}C). In contrast, those with 4 Gy of γ-rays, which is the biological equivalent dose to 2 Gy of C-ions in the colony-forming assay, did not suppress pulmonary metastasis significantly (Fig. [4](#rrx005F4){ref-type="fig"}B). However, significant suppression of lung metastases was observed by the combination of IV DC administration with high-dose (15 Gy) PBRT (Fig. [4](#rrx005F4){ref-type="fig"}C). Although the difference between CIRT and PBRT in anti-metastatic effect was observed *in vivo* at a low dose, it is difficult to explain this difference in the status of DCs co-cultured with an irradiated tumor *in vitro*. A possible explanation for this difference is the immune response of tumor cells. Both CALR and HMGB1 are key molecules expressed on cancer cells to enhance tumor immunogenicity and mediators of signals induced by the immunogenic cell death \[[@rrx005C13], [@rrx005C14]\]. In the present study, the levels of HMGB1 and CALR, which elicit DC-based anti-tumor immunity, were measured to evaluate differences in expression of the molecular markers of irradiated tumor cells between C-ion and photon beams. In the irradiation doses, which show equivalent biological effect in the colony-forming assay, no significant differences were observed in HMGB1 levels after irradiation between C-ion and photon irradiation (Fig. [7](#rrx005F7){ref-type="fig"}A), which was consistent with the result of the colony-formation assay and also agreed with a previous study that showed C-ion beams induced HMGB1 comparable with that of X-ray irradiation at the same dose levels of cell killing \[[@rrx005C40]\]. Since the release of extracellular HMGB1 could be induced not only in ICD but also by the collapse of the cell membrane due to various conditions, such as secondary necrosis after apoptosis, HMGB1 might not be a suitable marker for assessing the immunogenicity of irradiated cells, and it was difficult to explain the difference in the immunologic effect between the C-ion beam and the photon beam. In contrast, significant increases in CALR levels were observed in C-ion--irradiated tumor cells compared with X-ray--irradiated cells at a low dose (Fig. [7](#rrx005F7){ref-type="fig"}B). Strikingly, even in the same biological dose in clonogenicity, ecto-CALR levels were significantly higher in the CIRT than in the PBRT group. These differences might be related to the previous results that only a high dose of PBRT suppressed lung metastasis (Fig. [4](#rrx005F4){ref-type="fig"}C). CALR is regarded to be induced on the cell surface of cells dying by ICD and is critical for the recognition and engulfment of dying tumor cells by DCs \[[@rrx005C41], [@rrx005C42]\]. These results may indicate that a higher ratio of CALR exposed on surface membrane cancer cells by CIRT may contribute to increasing DC maturation more compared with PBRT at a low dose. This result might highlight that not only conventional radiation induced cell death, but also that ICD is a key factor causing the different anti-metastatic response between PBRT and CIRT in the combination of RT and immunotherapy.

Our findings may significantly contribute to the development of combination of RT with immunotherapy. Recently, many clinical trials that combined RT and immune checkpoint blockades have been conducted \[[@rrx005C43]\]. However, the optimal modality of immunotherapy combined with RT is unclear. DCs play a central role in the anti-tumor immune system in many types of immunotherapy. Acquiring the tumor-specific antigen is essential for establishing DC-related anti-tumor immunity. It is believed that tumor antigens are case-specific and have huge diversity. In this regard, usage of the tumor tissue taken from the corresponding patient is considered to be more effective for activating DCs than usage of synthetized cancer peptides \[[@rrx005C44]\]. CIRT can deliver concentrated doses to the deep-seated tumors and gain tumor antigens with less invasiveness compared with biopsy, surgery and PBRT. CIRT can be a useful tool for the maturation of DCs and augment immunogenicity of the irradiated cancer cells, so that the combination of CIRT with IV DCs might have beneficial effects on controlling distant metastasis as well as in local control of tumors in clinical application.

Our study demonstrated that CIRT combined with IV DCs more efficiently decreased lung metastases of NR-S1 murine squamous cell carcinoma cells inoculated into mice feet than PBRT with IV DCs in the biological equivalent dose. In addition, local CIRT to the NR-S1 cells combined with IV DCs efficiently augments an immunogenicity of the cells like CALR and the maturation of DCs to stimulate anti-tumor immunity for decreasing lung metastases. These results suggested that RT, especially CIRT, is a suitable candidate as a partner for combination with immunotherapy, including DC immunotherapy.
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